Activated platelets may contribute to the metastatic behavior of tumor cells when the cancer cells and platelets interact. The interaction requires cell and platelet surface integrin. Thyroid hormone as L-thyroxine (T4) is the principal ligand for a hormone receptor on integrin αvβ3 on tumor cells and platelets. T4 activates the integrin, promoting platelet aggregation and degranulation (local ATP release) and stimulating tumor cell proliferation. By a variety of molecular mechanisms reviewed here, extracellular ATP promotes tumor cell invasiveness and metastasis and supports a role for T4 as a pro-metastatic factor.
Introduction
A plasma membrane receptor for thyroid hormone analogues on the extracellular domain of integrin αvβ3 appears to contribute to the metastatic process [1] . The primary thyroid hormone ligand of this receptor is L-thyroxine (T4), a hormone analogue thought to be inactive, except as a source of 3,5,3′triiodo-L-thyronine (T3). T3 is the active intracellular form of thyroid hormone and initiates its actions at intracellular thyroid hormone receptors (nuclear TRs) [2] . The molecular mechanisms by which unmodified T4 appears to contribute to cancer cell metastasis include cell surface-initiated actions on expression of matrix metalloproteinase genes, of angiogenesis support genes, of certain receptor tyrosine kinase genes and actions on the epithelial-to-mesenchymal transition (EMT) process [1] .
It is apparent that platelets can participate in the local process of metastasis [3] [4] [5] , and we have reported that platelet function is modulated by T4 [6, 7] . Tumor cell surface integrin αvβ3 has also been implicated in metastasis [4] . These observations have caused us to add this perspective on thyroid hormone-platelet interaction to our recent review of the contributions of the hormone to metastasis [1] .
Thyroid Hormone-Directed Platelet Aggregation, Degranulation (ATP Release) and Mechanisms of Tumor Cell Invasiveness and Metastasis

Signal Transduction, T4, and Metastasis
Our in vitro studies of platelet aggregation that is caused by T4, but not T3, were expectedly associated with platelet degranulation (= ATP release) [6] . An extensive panel of consequences in tumor cells is promoted by extracellular ATP [8] . A number of these are summarized in Fig. 1 . Relevant to pancreatic cancer cells, for example, extracellular ATP invokes cell migration essential to metastasis and this is promoted by protease-activated receptor 2 (PAR-2) [9] . PAR-2 activation appears to be dependent upon mitogen-activated protein kinase (MAPK), the activity of which is enhanced by T4 [10] , and by the epidermal growth factor (EGF)-driven signaling pathway [9] . Thyroid hormone analogues are known to regulate transcription of the EGF receptor (EGFR) via integrin αvβ3 [1] .
ATP has also been reported to increase renal cell carcinoma (RCC) migration and invasiveness [11] . The process is at least in part dependent upon Ca 2+ -activated MAPK and matrix metalloproteinase-9 (MMP-9) signaling, as is the breast cancer effect cited below. We have shown that MAPK is activated by T4 and that MMP-9 gene expression is stimulated by thyroid hormone [10] .
T4 and S100A4, HIF-1/2α, MMP-9, β-Catenin, and Metastasis: EMT Liu et al. [12] reported that extracellular ATP is a pro-invasive factor for breast cancer cells. The process involves interactions between fibroblasts and cancer cells that are promoted by S100 calcium-binding protein A4 (S100A4), which is known to promote cancer cell proliferation and invasion. Additional information is available regarding extracellular ATP and breast carcinoma invasiveness. Upregulation of expression of hypoxia-inducible factor (HIF)-1/2α may be part of the molecular mechanisms, as may be a contribution of MMP-9 [13] . These factors are also relevant to the angiogenesis required by metastatic lesions.
Extracellular ATP may act in conjunction with the βcatenin axis to induce or support existing breast cancer invasiveness/metastasis [14] . We have shown that T4 acts at the thyroid hormone analogue receptor on integrin αvβ3 to activate β-catenin in colorectal cancer cells [15] , possibly enhancing the ATP effect on metastasis.
The EMT process contributes to metastasis and is activated by extracellular ATP [13] . T4 stimulates EMT [1, 14] . Thus, platelet delivery of ATP to cancer cells under the direction of thyroid hormone may be one of the mechanisms involved in the contribution of EMT to metastasis.
Inflammation, T4, and Metastasis
Elevated extracellular ATP levels about tumor cells may be associated with an inflammatory process that can be associated with relapse at or metastasis from the site of surgical tumor removal, as with melanoma [16] . The ATP may be generated by aggregating platelets, but, regardless of microenvironmental ATP levels, it is also important to note that T4 may act synergistically at a Fig. 1 Platelet degranulation (ATP release) induced by T4 at the site of tumor cell-platelet interaction. Degranulation is stimulated by the binding of T4 to the thyroid hormone analogue receptor site on platelet membrane integrin αvβ3 [6] . Extracellular ATP and cancer cell ATP uptake results in activation of a set of discrete pathways linked to enhanced tumor cell migration and invasiveness, as discussed in this review. ATP-stimulated factors related to invasiveness include protease-activated receptor 2 (PAR-2), S100 calcium-binding protein A4 (S100A4), matrix metalloproteinase-9 (MMP-9), and β-catenin. Activation of cellular epithelial-to-mesenchymal transition (EMT) also results from increased extracellular ATP about cancer cells. It is not clear that whether the platelet αvβ3-tumor cell plasma membrane αvβ3 is fibrinogen-stimulated [5] , as shown in this figure, is directly activated by T4. Thyroid hormone may increase circulating levels of fibrinogen [7] and activates various functions of integrin αvβ3 [10] , but the tumor cell-platelet interaction via αvβ3 has not yet been studied site of inflammation, stimulating cytokine [17] and chemokine gene transcription [18] .
Cytoskeleton, T4, and ATP
Zanotelli and coworkers [19] have described in breast cancer cells the regulation of the intracellular ATP:ADP ratio by the density of the collagen microenvironment. The amount of ATP and collagen networking act in concert to regulate cell migration and invasion. It is also likely that the state of intracellular actin (fibrous [F] vs. soluble actin) is involved in organizing collagen architecture. T4, but not T3, generates F-actin [10, 20] , but it has not been determined whether integrin αvβ3 participates in this process.
The cytoskeleton and intracellular structural organization is essential to the integrity of the signal transduction pathways identified above. Metastasis also requires cell motility and the latter depends upon an intact actin cytoskeleton [21, 22] .
Comments
We have recently summarized a number of molecular mechanisms by which thyroid hormone as T4 may act via a cell surface receptor on integrin αvβ3 to support metastatic activity of cancer cells [1] . In a recent review, Weber et al. described the contributions of platelets to metastatic behavior of cancer cells [4] . The latter publication prompted the current review in which we have examined mechanisms by which T4 action on platelets may support tumor cell metastatic behavior.
A major activity of the T4-directed platelet is aggregation and ATP release (degranulation) [6] . Degranulation is a mechanism for increasing extracellular ATP levels at the site of thrombosis-tumor cell interaction. The likelihood of cancer cell-platelet interaction is a function of the cancer cell surface population of αvβ3 protein molecules and platelet αvβ3, the remnant of the plasma membrane of megakaryocytes. As the current review indicates, extracellular ATP may contribute via a number of mechanisms to the invasive/metastatic activities of cancer cells. A set of these mechanisms depend upon signaling molecules, such as those of MAPK, β-catenin, S100A4, and MMP-9. Of particular interest is that in addition to support of ATP release from platelets at the site of tumor cell-activated platelet interaction, thyroid hormone (T4) may via its receptor on cancer cell αvβ3 specifically direct downstream the transcription of genes for signaling molecules that also contribute to invasive cell behavior. The metastasis literature we review here is a rationale for developing antimetastasis drugs that act at the integrin to block the effects of T4 on tumor cells [10] .
Among the specific chemokine genes whose transcription is regulated from the thyroid hormone analogue receptor on integrin αvβ3 are CCL20 and CXCL2 [18] . Both of these chemokines confer chemoresistance on cancer cells [23, 24] by an ATP-dependent process that involves ABCB1 (P-glycoprotein, P-gp) that has been shown to be controlled by thyroid hormone [25] . Local delivery of ATP via the tumor cellplatelet interaction that T4 supports may thus relate to chemoresistance in the tumor cell as well as to the process of metastasis.
In addition to induction of chemoresistance as another contribution of thyroid hormone-stimulated platelets to the aggressiveness of cancer cells, it is apparent that the thyroid hormone receptor on αvβ3 may also confer radioresistance on cancer cells. It is apparent that increased intracellular ATP levels are associated with radioresistance [26] , and Leith and coworkers have shown that the activation state of tumor cell plasma membrane αvβ3 is correlated with resistance to X-ray and that thyroid hormone analogues control the conformation/ activation state of the integrin [27, 28] . Thus, the process of metastasis in tumor cells is subject to regulation by thyroid hormone-induced, platelet-dependent delivery of ATP, but the integrin receptor for the hormone may also be linked to chemo-and radioresistance.
